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Open access under CC BYThe beneﬁts of lowering protein ion charge states in electrospray ionization (ESI) have attracted recent
interest. We describe a simple approach to decrease protein charge states by exposure of electrospray
droplets to neutral solvent vapor such as acetonitrile. The technique allows detection of weak noncova-
lent complexes, provides preferred charge states for tandem mass spectrometry (MS/MS) dissociation of
protein complexes, and has the added beneﬁt of reducing common adducts, such as alkali metals, without
the addition of solution additives or the requirement for a secondary spray.
 2011 Elsevier Inc. Open access under CC BY license.Electrospray ionization–mass spectrometry (ESI–MS)2 is a pow-
erful tool for the detection of noncovalent protein complexes. Using
this technique, it is possible to study the interactions between pro-
teins and small molecules such as substrates, cofactors, and inhibi-
tors [1] and to interrogate the structure of large biomolecular
assemblies [2] such as the ribosome [3] and the proteasome [4].
For such work, it is often essential to spray from an aqueous solution
with a near neutral pH. This is usually achieved by using volatile buf-
fers, such as ammonium acetate, that are suitable for electrospray
[5]. The charge states of proteins sprayed under such native condi-
tions tend to be relatively low with narrow distributions, indicative
of folded structures [6], and related to the protein surface area [7]. In
contrast, higher charge states usually indicate unfolded structures
and can be obtained by denaturing the protein in solution by the
addition of organic modiﬁers and/or acids.
Several procedures have been reported to either increase [8–11]
or decrease [12,13] the degree of charging of protein ions electro-
sprayed from aqueous solvents. Increased charge states and wider
distributions can be desirable for accurate mass measurement or
for improving the efﬁciency of electron capture dissociation [14].
The beneﬁts of charge reduction lay mainly in reducing intra-
and intermolecular Coulomb repulsion within a protein ion com-.J. Oldham).
on–mass spectrometry; ESSI,
hase basicity; hTTR, human
ollision-induced dissociation;
 license.plex, potentially affording a more native-like and stable species.
This can be achieved by the use of basic buffer salts such as trieth-
ylammonium bicarbonate [15,16], ‘‘proton sponges’’ [17], or imid-
azole [18,19]. The latter reduces protein charge states when used
as a solution additive or when introduced as a separate spray in
the source region [13,20]. Other examples of the use of gas phase
bases, rather than solution additives, include mixing ESI droplets
and steam using a ‘‘Tee’’ interface [21], adding polar solvents to
the nitrogen bath gas [22], and exposing totally desolvated protein
ions generated by electrosonic spray ionization (ESSI) [23] to the
vapor of various bases [24,25]. By monitoring the degree of charge
state reduction with bases of different strength, the apparent gas-
phase basicity (GBapp) of protein ions can be deduced. Protein
charge states can also be manipulated by gas-phase ion/ion reac-
tions [26–29].
This note describes a simple, clean, and effective method for
reducing charge states obtained by the electrospray process with
no instrumental modiﬁcations or solution additives. The approach
can be applied to ESI and nanoESI and has the additional beneﬁt of
reducing common adducts. To demonstrate the utility of this
method, two systems were examined: the weak trypsin–benzami-
dine protein–inhibitor complex [13,30] and human transthyretin
(hTTR), a homotetramer that undergoes charge state-dependent
fragmentation pathways [31].
The introduction of a small reservoir of solvent, such as water,
methanol, acetonitrile, or triethylamine, into the atmospheric re-
gion of an electrospray source results in a reduction of the average
charge state of protein ions sprayed from aqueous buffers such as
ammonium acetate (see Supplementary material for methods,
illustrations, and example spectra). The beneﬁts of electrospray
Fig.2. Nano-ESI spectra of 2.5 lM hTTR sprayed from 25 mM ammonium acetate
solution in an open laboratory atmosphere (A) and with exposure to MeCN vapor
(B). The y axis shows a decrease in signal intensity accompanying charge reduction.
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complex between trypsin (Tryp) and its inhibitor benzamidine
(Bzn). The noncovalent interaction of these binding partners is
destabilized in the gas phase and has proved to be problematic to
observe using ESI–MS [30]. The nanoESI spectrum for Tryp
(12 lM) and Bzn (53 lM) sprayed from 10 mM aqueous ammo-
nium acetate is shown in Fig. 1A. The most abundant distribution
corresponds to that of unbound Tryp [Tryp + nH]n+ ions ranging in
charge state between n = 7 and 10. In addition, a small distribution
for the Tryp–Bzn complex (Tryp–Bzn + nH)n+ at charge states n = 7
and 8 is visible. The calculated (see Supplementarymaterial) appar-
ent association constant, Ka, from this spectrum is 0.5  104 M1.
This value is signiﬁcantly lower than the previously reported Ka of
2.6  104 M1 (taken from a Ki measurement) [32] and suggests
that postdesolvation dissociation may be occurring. Fig. 1B shows
the spectrum that was obtained with MeCN vapor exposure on
the same solution of Tryp and Bzn used for Fig. 1A. In addition to
the decrease in average charge state, peaks corresponding to the
Tryp–Bzn complex are signiﬁcantly larger in the presence of MeCN
vapor, indicating less gas-phase dissociation. The Ka value deter-
mined from the spectrum in Fig. 1B is 2.2  104 M1, which is in
good agreement with the literature value in solution [32] and very
close to that reported by Klassen and coworkers using nanoESI–MS
with imidazole (either as a solution additive or in a neutral second-
ary spray) [13,18]. Thus, the presence of neutral MeCN vapor from a
reservoir placed in the atmospheric pressure region of an ESI source
is effectively able to stabilize a weak gas-phase protein–ligand
complex without the need for a neutral sprayer.
As a second example of charge state reduction, we examined
the hTTR protein complex by nanoESI with and without solvent
exposure. It has been demonstrated in recent work by the Robin-
son group that different charge states give rise to different dissoci-
ation pathways when subjected to collision-induced dissociation
(CID) [31]. In their study, CID of speciﬁc charge states (15+, 11+,
and 9+) of the homotetrameric hTTR complex yielded different
products. The typical [hTTR + 15H]15+ charge state, achieved by
conventional nanoESI, gave rise to the familiar asymmetric charge
partitioning associated with the dissociation of protein subunits.
Ion mobility analysis of these subunits conﬁrmed that signiﬁcant
unfolding accompanied dissociation. In contrast, CID of the
[hTTR + 11H]11+ ion was found to result in a more symmetricFig.1. Nano-ESI spectra of trypsin (Tryp, 12 lM) and benzamidine (Bzn, 53 lM) spraye
exposure to MeCN vapor (B). The y axis shows an increase in signal intensity accompanpartitioning of the charge as well as producing subunits that retain
near ‘‘native-like’’ geometries. Clearly, this precursor has the po-
tential to yield the most useful information for structural biology.
To achieve the lower charge states, it was necessary to use solu-
tion-based additives, such as triethylammonium acetate (TEAA),
in the case of the [hTTR + 11H]11+ ion and TEAA + aza-18-crown-6
in the case of [hTTR + 9H]9+, which displayed a preference for cova-
lent fragmentation over subunit dissociation. We postulated that
the vapor exposure method might give rise to the structurally
interesting charge states of hTTR. Fig. 2A and B show the spectra
obtained under conventional nanoESI and in the presence of MeCN
vapor, respectively. Signiﬁcant reduction in charge states of hTTR
complex allowed access to both [hTTR + 11H]11+ and [hTTR + 9H]9+
ions without the use of solution-based additives, conﬁrming that
solvent exposure can be used as a simple alternative.
An additional advantage seen in solvent exposure is a reduction
in alkali metal ion adduction of electrosprayed ions (see Fig. S4 in
Supplementary material for an example). The presence of sodiumd from 10 mM ammonium acetate in an open laboratory atmosphere (A) and with
ying charge reduction.
790 Notes & Tips / Anal. Biochem. 421 (2012) 788–790and potassium adducts results in a reduction in signal-to-noise
ratio and can be detrimental to the precision of mass measurement
of large highly charged ions. Recently, we showed that such ad-
ducts can also destabilize protein–ligand complexes [33].
Ion mobility spectrometry analysis of the 8+ ion of myoglobin
under standard ESI and MeCN vapor exposure revealed no detect-
able difference in conformation, indicating that solvent exposure
does not adversely affect protein structure (see Fig. S5 in Supple-
mentary material).
In this note, we have described a simple and effective method to
decrease protein ion charge states and reduce alkali metal–adduct
formation in protein ESI and nanoESI spectra. Lowering charge
states reduces Coulomb repulsion-driven unfolding and dissocia-
tion events in the gas-phase, decreases the amount of kinetic (and
hence internal) energy gained, and assists the survival of weak
complexes. This method also gives access to low charge states of
protein–protein complexes, which may be useful in structural
studies.
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